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ABSTRACT 18 
The ANtarctic geological DRILLing program (ANDRILL) successfully recovered 1138.54 m of 19 
core from drillhole, AND-2A, in the Ross Sea sediments (Antarctica). The core is composed of 20 
terrigenous claystones, siltstones, sandstones, conglomerates, breccias, and diamictites with 21 
abundant volcanic material. In this work we present sedimentological, morphoscopic, petrographic, 22 
and geochemical data on pyroclasts recovered from core AND-2A, which provide insights on 23 
eruption styles, volcanic sources, and environments of deposition. One pyroclastic fall deposit, 12 24 
resedimented volcaniclastic deposits and 14 volcanogenic sedimentary deposits record a history of 25 
intense explosive volcanic activity in southern Victoria Land during the Early Miocene. Tephra 26 
were ejected during Subplinian and Plinian eruptions fed by trachytic to rhyolitic magmas and 27 
during Strombolian to Hawaiian eruptions fed by basaltic to mugearitic magmas in 28 
submarine/subglacial to subaerial environments. The long-lived Mt. Morning eruptive centre, 29 
located c. 80 km south of the drillsite, was recognized as the probable volcanic source for these 30 
products on the basis of volcanological, geochemical, and age constraints. The study of tephra in the 31 
AND-2A core provides important paleoenvironment information by revealing that the deposition of 32 
primary and moderately reworked tephra occurred in a proglacial setting under generally open-33 
water marine conditions. 34 
 35 
INTRODUCTION 36 
 37 
*Manuscript
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Over the last few decades significant insight on paleoenvironmental conditions in southern 38 
Victoria Land have come from archives of sediments recovered in cores drilled both onshore and 39 
offshore (Barrett et al., 1998 and 2000; Hambrey and Barrett, 1993; Fielding and Thomson, 1999; 40 
Naish et al., 2007; Harwood et al., 2008). Recently, the ANtarctic geological DRILLing program 41 
(ANDRILL) successfully recovered sediments and geophysical data from 1138.54 meters of drill-42 
core in the second AND-2A drill hole (southern McMurdo Sound; Florindo et al., 2008). The coring 43 
site is located in the Ross Sea, approximately 50 km NW of Hut Point Peninsula on Ross Island 44 
(77°45.488'S; 165°16.613'E; Fig. 1).  45 
The AND-2A core sampled an almost continuous (98% recovery) sequence of sediments 46 
composed of lithologies including terrigenous claystones, siltstones, sandstones, conglomerates, 47 
breccias, and diamictites (Florindo et al., 2008; Panter et al., 2008). Fourteen lithostratigraphic units 48 
were identified on the basis of major changes in lithology recognized during core description 49 
(Fielding et al., 2011). Sediments were interpreted to represent a wide and complex spectrum of 50 
depositional environments and dynamic fluctuations in the Antarctic ice-sheet recorded in 51 
numerous cycles of glacial advance and retreat during the Early to Middle Miocene (Fielding et al., 52 
2011; Passchier et al., 2011).  53 
Results from 
40
Ar/
39
Ar radiometric dating of primary to moderately reworked tephra layers (Di 54 
Vincenzo et al., 2010) range in age from Early Miocene to Pleistocene (c. 20 to c. 0.08 Ma) and 55 
comprise an expanded and almost continuous section of Early to Middle Miocene sediments (c. 20 56 
to c. 11.5 Ma), which has not been previously recorded by drilling in this region (Harwood et al., 57 
2009).  58 
In this paper we present sedimentological, morphoscopic, petrographic and geochemical data 59 
from tephra recovered in the AND-2A core. We also focus on some of the sedimentological aspects 60 
of the tephra in order to infer their depositional history. The results provide constraints on volcanic 61 
sources, eruptions styles and depositional paleoenvironments. 62 
 63 
THE EREBUS VOLCANIC PROVINCE 64 
 65 
The Erebus volcanic province in southern Victoria Land represents the largest area of exposed 66 
late Cenozoic volcanic rocks and the most complete record of alkaline volcanism in Antarctica 67 
(Kyle and Cole 1974; Kyle 1990a, b; Di Vincenzo et al., 2010). The Erebus volcanic province 68 
comprises several large volcanic centers built on the western flank of the intracontinental West 69 
Antarctic rift system in the McMurdo Sound region (Kyle, 1990b) that range in age from the Early 70 
Miocene (c. 19 Ma) to the present day (Fig. 1). Ross Island is the largest volcanic complex in the 71 
area and is formed by the active Mt. Erebus volcano, which is surrounded radially by the Mt. 72 
Terror, Mt. Bird and Hut Point Peninsula eruptive centers. Mt. Erebus is composed mostly of 73 
basanite and phonolite deposits (Kyle, 1977 and 1981; Kyle et al., 1992) that date back to 1.3 Ma 74 
(basanite dyke from Cape Barne; Esser et al., 2004). Mt. Bird and Mt. Terror are basanitic shield 75 
volcanoes that were active from 4.6 to 3.8 Ma and 1.7 to 1.3 Ma, respectively (Wright and Kyle, 76 
1990a and b; Kyle and Muncy, 1989). Hut Point Peninsula is Pleistocene in age (c. 1.3 Ma) and 77 
consists of alkaline volcanism that is dominated by basanitic-hawaiitic cinder cones and a phonolite 78 
dome (Observation Hill) (Kyle, 1981). 79 
To the south of Ross Island, the Erebus volcanic province is represented by White Island; a 80 
basanite to tephriphonolite shield volcano that was active as early as 7.65 Ma (Cooper et al., 2007). 81 
Recently, evidence for Late Miocene (c. 6.5 Ma) submarine to emergent volcanism was found in 82 
close proximity to White Island (Di Roberto et al., 2010). Farther south, Black Island, Minna Bluff, 83 
Mt. Morning and Mt. Discovery are all major eruptive centers belonging to Erebus volcanic 84 
province. The Minna Bluff peninsula and Black Island volcanic complexes are both composed of 85 
alkaline volcanic products belonging to the basanite-phonolite lineage and were active between c. 86 
12 and 4 Ma (Fargo et al., 2008; Wilch et al., 2011) and between 11.2 and 1.7 Ma (Timms, 2006), 87 
respectively. Mt. Morning is the oldest volcanic complex in the Erebus volcanic province and has 88 
been divided into two phases of activity. Phase I (18.7 to 11.4 Ma) is dominated by mildly alkaline, 89 
mostly trachytic rocks, and Phase II (6.13 to 0.02 Ma) is composed of strongly alkaline rocks 90 
belonging to the basanite-phonolite lineage (Kyle and Muncy 1989; Wright and Kyle 1990c; 91 
Wright-Grassham 1987; Kyle, 1990a and b; Paulsen and Wilson, 2009; Martin, 2009; Martin et al., 92 
2010). 93 
North of Ross Island, Franklin and Beaufort islands represent remnants of alkaline volcanic 94 
edifices, with ages that range from Quaternary (90±66 ka; date from a seamount 10 km north of 95 
Franklin Island) to Late Miocene (6.80±0.05 Ma) (Rilling et al., 2009). In addition to the large 96 
volcanic edifices, the Erebus volcanic province includes several small volcanic centers and fields 97 
(Kyle and Cole, 1974; Kyle, 1990b). Numerous volcanic ash deposits are found within the hyper-98 
arid Dry Valleys region of the Transantarctic Mountains, chiefly in the Royal Society Range and the 99 
Wright-Taylor Valleys. Most of these volcaniclastic deposits were reported to be Miocene to 100 
Pliocene in age with 
40
Ar/
39
Ar ages ranging from c. 15.15 to c. 4.33 Ma (Kyle and Cole, 1974; 101 
Kyle, 1990a; Marchant et al., 1996; Lewis et al., 2007). The Dailey Islands are c. 10 km south of the 102 
SMS drillsite and consist of heavily eroded remnants of basaltic cinder cones and lava deposits. 103 
Studies of volcanic rocks from two of the five islands reveal paleomagnetic normal polarities and 104 
radiometric ages of 0.78±0.04 Ma (Mankinen and Cox, 1988; Tauxe et al., 2004; Del Carlo et al., 105 
2009). Finally, traces of the earliest activity within the Erebus volcanic province comes from 106 
volcaniclastic detritus and tephra recovered in the CIROS-1, MSSTS-1, Cape Roberts Project and 107 
AND-2A drillcores, which extends the volcanic history of the province back to ~26 Ma (Gamble et 108 
al., 1986; Barrett, 1987; McIntosh, 1998 and 2000; Acton et al., 2008; Di Vincenzo et al., 2010). 109 
 110 
VOLCANIC ROCKS IN AND-2A CORE AND ANALYTICAL METHODS 111 
 112 
Preliminary stratigraphic and petrologic data on volcanic products in the AND-2A core were 113 
reported in Fielding et al. (2008) and Panter et al. (2008), and provide the foundation for this study. 114 
The volcanic material in the AND-2A core includes dispersed clasts of lava, scoria fragments and 115 
pumices, variably reworked tephra layers and one primary tephra. More than 50% of the total clasts 116 
identified in 9 of the 14 lithostratigraphic units (LSU) are volcanic in origin and LSU 1 (0 to 37 117 
meters below sea floor – m b.s.f) represents the most volcanic-rich unit within the core. The weakly 118 
reworked tephra beds, lava breccias and ripple cross-laminated vitroclastic sands in LSU 1 are 119 
interpreted to be deposited in a shallow marine environment by Strombolian- and Hawaiian-type 120 
volcanism from proximal volcanic sources (Del Carlo et al., 2009).  121 
 For this study, 27 volcaniclastic beds were identified and sampled from LSU 2 to LSU 14 (i.e. 122 
between 37.07 and 1138.54 m b.s.f; Table 1) and their sedimentological and volcanological 123 
characteristics are the basis for the interpretations presented in this paper. Because most of these 124 
samples are poorly lithified, they were impregnated with epoxy resin and prepared as standard 125 
polished thin sections for petrography and electron microprobe analysis. Observations of the 126 
sediments and sedimentary rocks were made using a stereomicroscope in order to detail 127 
sedimentologic structures and qualitatively identify sediment components and their relative 128 
abundance. This work led to the selection of samples for scanning electron microscopy and analysis 129 
by electron microprobe. Morphological and textural observations of components were performed by 130 
means of scanning electron microscopy (SEM) at Istituto Nazionale di Geofisica e Vulcanologia 131 
(Sezione di Pisa) using a Zeiss EVO MA 10 equipped with an Oxford ISIS microanalysis system. 132 
Major element glass composition and mineral analyses of glass-bearing volcanic fragments and 133 
alteration phases were performed at the HPHT Laboratory of Istituto Nazionale di Geofisica e 134 
Vulcanologia (Sezione di Roma) using a JEOL JXA 8200 microprobe equipped with 5 wavelength-135 
dispersive spectrometers (WDS) and an energy-dispersive analyzer system (EDS). Instrumental 136 
conditions were: accelerating voltage 15 kV, beam current 5 nA, probe diameter 5 μm, acquisition 137 
time 10 s and 5 s for peak and background, respectively. Whenever possible, a minimum of 25 138 
particles were analyzed in each sample. Relative standard errors for each element are reported in 139 
Supplemental Table 1. 140 
 141 
RESULTS 142 
 143 
The sampled deposits have been grouped into three types based on sedimentary features, the 144 
nature and abundance of components (Figs. 2 and 3), and on the major element compositions of 145 
glassy fragments (Fig. 5 and Table 2). They are: (i) pyroclastic fall deposits, (ii) resedimented 146 
volcaniclastic deposits, and (iii) volcanogenic sedimentary deposits (terminology after McPhie et 147 
al., 1993).  148 
 149 
Pyroclastic fall deposit 150 
 151 
A 6 cm-thick (640.13 and 640.19 m b.s.f) pyroclastic fall deposit was identified between within 152 
LSU9 (Panter et al., 2008; Di Vincenzo et al., 2010). The lapilli tuff is massive to faintly normally 153 
graded and contains a homogeneous distribution of pale green pumice fragments (<3 mm in 154 
diameter) set in matrix formed by angular glass shards that range in size from coarse to very fine 155 
ash. The lapilli tuff is under and overlain by volcanic-rich sandstones composed of light brown 156 
fresh volcanic glass shards, pale green to white altered glass shards, abundant lithic fragments 157 
(commonly of metasandstones and schists and less commonly of granite, dolerite and marble) and 158 
loose crystals (mainly quartz, feldspars and plagioclase).  159 
The contact with the underlying sediment is sharp whereas the upper contact is gradational (Fig. 160 
2A). Pale green pumices are moderately to highly vesicular (Houghton and Wilson, 1989) with a 161 
frothy morphology. Vesicles range in shape from spherical to elongated and are sometimes 162 
deformed (collapsed) or highly coalesced. Pumices are mostly aphyric with rare, K-feldspar 163 
phenocrysts (<2 mm), occasionally occurring with strongly green-colored clinopyroxene (<1 mm; 164 
optically determined aegirine/aegirine-augite). Angular glass shards are usually blocky, vesicle-free 165 
to poorly vesicular with vesicles ranging in shape from spherical to oblate (collapsed). A continuous 166 
spectrum of vesicularity exists between vesicle-free glass shards and highly vesicular pumice. Glass 167 
fragments forming the fine-grained part of the deposit (very fine ash) are variably vesicular 168 
(analogous to those described above) and range in shape from y-shaped to cuspate and blocky (Fig. 169 
3A).  170 
Most of the analyzed glass shards and pumice fragments are subtly to weakly altered with thin 171 
(<3 μm) transparent rims of leached glass at the surface of the grains and along fractures and 172 
vesicles (Fig. 3E). Well developed, pervasive perlitic fractures occur chiefly in dense, angular glass 173 
fragments (Fig. 3F). The deposit is cemented by calcite and clay minerals.  174 
 175 
Resedimented volcaniclastic deposits 176 
 177 
Twelve resedimented volcaniclastic deposits (defined in accordance with McPhie et al., 1993) 178 
were identified between 621.24 and 1093 m b.s.f (LSU9-13; Table 1). Two groups were 179 
distinguished within these deposits: (i) resedimented pumice- and scoria-rich sandstone to 180 
lapillistone (9 layers; Fig. 2B), and (ii) resedimented, strongly laminated, ash-rich mudstone to 181 
sandstone (3 layers; Fig. 2C). Resedimented pumice- and scoria-rich sandstone to lapillistone 182 
comprise grain-supported, <2 cm beds and lenses of pale green and clear, highly vesicular pumice 183 
mixed with scoria clasts made up of variably vesicular (from dense to pumiceous), light to dark 184 
yellow sideromelane and tachylite fragments (Fig. 3B). Clasts occur in a fine sand matrix, which is 185 
cross- to parallel-laminated at mm to cm scale. The matrix is composed of glass fragments with the 186 
same range of composition as the clasts, with crystals of K-feldspar, plagioclase, and quartz and 187 
lithic fragments (metasandstones and schists and less commonly of granite, dolerite and marble; 188 
Fig. 3B). Pumice and scoria fragments are in some cases abraded and subrounded. Deposits have 189 
sharp and planar contacts with the underlying sediments whereas upper contacts are gradational to 190 
diffuse; fragments with elongated shapes are commonly imbricated parallel to sand laminae or 191 
oriented along the lee side of ripple cross-laminations. Pumice are similar in vesiculatity, alteration 192 
degree (subtle to weak), and texture to those observed in the pyroclastic fallout deposit at 640.13-193 
640.19 m b.s.f (Fig. 3A); they are mostly aphyric with minor K-feldspar phenocrysts (<2 mm), 194 
rarely accompanied by (<1 mm) strongly green-colored clinopyroxene (optically determined 195 
aegirine/aegirine-augite). A second population of pumice and glass shards, showing textures similar 196 
to those previously described but made of clear glass, was identified in five samples at 831.68, 197 
953.28, 954.05, 1027.27 and 1093 m b.s.f, respectively, and rarely within sediments at shallower 198 
depths. Scoria clasts and light to dark yellow sideromelane and tachylite fragments are pumiceous 199 
to blocky to y-shaped (Figs. 2B and 3B). The scoria is weakly porphyritic with microphenocrysts of 200 
plagioclase, rare strongly green-colored clinopyroxene and minor olivine, apatite and magnetite set 201 
in a hypocrystalline groundmass. Glass is pristine to subtly altered with rims of palagonite to 202 
smectite a few microns-thick that line clasts or vesicles walls.  203 
Resedimented, strongly laminated, ash-rich mudstone to sandstone consist of parallel laminated, 204 
rhythmic couplets of grain-supported fine sandstone to siltstone grading upward to mudstone. 205 
Couplets range in thickness from <1 mm to a few mm. Individual couplets have sharp lower and 206 
upper contacts whereas internal contacts between the volcaniclastic silt/sand and clay facies range 207 
from gradational to sharp (Figs. 2C and 3C). Volcaniclastic silt/fine sand laminae are composed of 208 
pale green, highly vesicular pumice fragments mixed with dense to pumiceous, light brown-colored 209 
sideromelane and tachylite fragments. Fragments are pristine and preserve thin vesicle glass walls 210 
and fragile structures. Minor amounts of loose crystals (<1 mm) of K-feldspar, plagioclase and 211 
quartz and lithics (commonly mafic lava fragments, granite dolerite and rarely schists) occur. 212 
Lapilli-sized pumice fragments and sedimentary intraclasts (siltstone) occur and are observed to 213 
load underlying clay laminae and be draped by laminae at the top.  214 
 215 
Volcanogenic sedimentary deposits 216 
 217 
Volcanogenic sedimentary deposits, namely shard-rich mudstones and sandstones (McPhie et al., 218 
1993), were identified at several depths (LSU2-13; Table 1). This type of deposit includes intervals 219 
of < 2 mm, variably vesicular scoria, pale green and clear pumice set in sand to silt sized volcanic-220 
rich matrix. Abundant lithic fragments (Figs. 2D and 3D) of most commonly volcanic rocks are 221 
recorded; they are mainly represented by variably vesicular lava with feldspar and < 2 mm, strongly 222 
green-colored clinopyroxene (optically determined aegirine/aegirine-augite) set in an intergranular 223 
to felted groundmass. Crystals of quartz, K-feldspar and biotite occur. Palagonitized glass shards 224 
and vesicular fragments were found in some samples. Rare, holocrystalline intrusive rocks are 225 
found that consist mainly of granitoids (quartz ± feldspar ± biotite ± hornblende) with 226 
hypidiomorphic to allotriomorphic and moderately deformed textures. Rare metamorphic lithic 227 
fragments were identified consisting of schist, gneiss, quartzite, and low-grade metasediments. 228 
Bioclasts are common and include foraminifera, shell fragments, spicules, diatoms and bryozoans 229 
(Fig. 3D). Irrespective of their origin (volcanic, metamorphic or biologic), fragments within vitric 230 
siltstone and sandstone are usually sub- to well-rounded. Lithologies of lithic fragments are similar 231 
to those of clasts described for the same interval by Panter et al. (2008) and Talarico et al. (2011) 232 
and a more detailed description of their characteristics and inference on their provenance the reader 233 
is referred to these papers.  234 
Below 953.28 m b.s.f, the majority of glass fragments forming the volcanogenic sedimentary 235 
deposits are moderately to strongly altered. Most of the original textures have been modified or 236 
destroyed and volcanic glass is usually dissolved and replaced clay minerals, zeolites and 237 
carbonates. In some samples “pseudo-fiamme” clasts are common and are interpreted to have 238 
formed from burial compaction of lapilli-sized pumice clasts. Diffuse authigenic pyrite is found 239 
together with framboidal agglomerates of microscopic (<1 µm) isometric crystals of greigite 240 
(Fe3S4). 241 
 242 
Chemistry of volcanic glass 243 
 244 
A total of 600 glass fragments collected from throughout the length of the core have been 245 
analyzed (Table 2 and Supplemental Figure 1). The SiO2 contents of glass range from c. 40 to c.73 246 
wt.% and have been divided into two main compositional groups: 1) light brown-colored 247 
sideromelane and tachylite fragments with SiO2 concentrations <52 wt.% and 2) pale green to 248 
colourless glass fragments with SiO2 >63 wt.%. The majority of glass fragments within the second 249 
group are subtly to weakly altered and have low total oxides (<97 wt.%). 250 
How the alteration effects the chemistry of volcanic glasses is examined semi-quantitatively by 251 
plotting their compositions in the “Alteration box plot” (Large et al., 2001) shown in Figure 4. The 252 
diagram combines the Alteration Index (AI) of Ishikawa et al. (1976) and the Chlorite-Carbonate-253 
Pyrite Index (CCPI) of Large et al. (2001) and was originally used with whole rock compositional 254 
data in volcanic-hosted massive sulfide deposits to discriminate hydrothermal alteration mineral 255 
assemblages from diagenetic assemblages. When used in combination with other compositional 256 
data and detailed petrographic and textural observations, the "Alteration box plot" gives an 257 
indication of alteration trends and processes.  258 
Most of the low silica (52-63 wt.% SiO2), light brown-colored sideromelane and tachylite 259 
fragments found within all sediment types within the depth interval between 621.24 and 831.68 m 260 
b.s.f. are pristine and plot within the least-altered rocks fields of the Alteration box plot (light blue 261 
diamonds in Fig. 4). A few compositions are marked by a decrease of the CCPI values (depletion of 262 
FeO + MgO versus Na2O + K2O; pink diamonds in Fig. 4) and likely indicate incipient 263 
hydrothermal alteration. Below 831.68 m b.s.f., the alteration of light brown-colored sideromelane 264 
and tachylite fragments increases further downcore with glass being progressively replaced by 265 
zeolites and clay minerals and glass shards destroyed by compaction and diagenetic processes. 266 
Throughout the core, the majority of the high silica (> 63 wt.% SiO2), pale green to colorless 267 
glass fragments is subtly to weakly altered. Above ~953 m b.s.f., the glasses show homogeneous AI 268 
values ranging between ~40 and ~55, whereas values of CCPI vary more broadly between ~35 and 269 
~70 (red diamonds in Fig. 4). This indicates a rough increase of the CCPI values with respect to the 270 
relatively least-altered rocks (depletion of Na2O + K2O versus FeO + MgO), which is typical of 271 
hydrothermal alteration in the chlorite-dominated zone (Large et al., 2001). Below ~953 m b.s.f to 272 
the bottom of the core, glass compositions spread along the lower margin of the diagram having low 273 
CCPI values (<20) and a wide range of AI values (~15 to 80; purple diamonds in Fig.4).  274 
Most of the pale green to colorless glass fragments that were initially considered unaltered 275 
(trachytic composition) plot across the lower margin of the Alteration Box Plot. Despite their high 276 
total oxides (>97 wt. %) they are interpreted to be subtly based on the slight depletion in FeO + 277 
MgO and variable depletion in Na2O + K2O + CaO (blue diamonds in Fig. 4).  278 
The unaltered light brown-colored sideromelane and tachylite fragments range from basanite and 279 
basalt/tephrite to mugearite and overlap compositions of other basic volcanic rocks from the Erebus 280 
volcanic province (Fig. 5). 281 
It is noteworthy that the pyroclastic fall deposit and resedimented volcaniclastic deposits have a 282 
narrow range of AI and CCPI values, whereas the volcanogenic sedimentary deposits show a 283 
broader range of values for these alteration indices. This could be attributed to the origin of each 284 
deposit type. For instance, the pyroclastic fall deposit and resedimented volcaniclastic deposits are 285 
considered to be composed of fragments emitted from the same source, transported together and 286 
deposited contemporaneously. Alternatively, the volcanogenic sedimentary deposits maybe a 287 
composite of products from multiple volcanic sources, with different transport and deposition 288 
dynamics, and thus would should show greater variability in their degree of alteration. 289 
Factors influencing the alteration of volcanic glass include the nature of the aluminosilicate 290 
source material (e.g. glass vs. crystalline materials), the composition of original rock and of pore 291 
fluids, pH and the temperature, and porosity of sediments. None of these factors seem to explain 292 
why felsic glass shards dispersed within sediments are more altered than the coexisting basaltic 293 
ones. Felsic glass is considered to alter at a slower rate relative to mafic glass. The alteration seems 294 
to be related to the glass‟s viscosity, which in turn is a function of the composition and in particular 295 
H2O and SiO2 content (Gifkins et al., 2005 and reference therein). A possible explanation for why 296 
the basaltic glass is better preserved may be related to differences in the quenching (cooling) and 297 
hydration history of mafic versus felsic magmas (Marsaglia and Tazaki, 1992). Felsic magmas 298 
erupted in a water-rich environment (i.e. transitional or shallow water and subglacial) might have 299 
hydrated and altered more quickly than basaltic glass emitted in a water free (subaerial) 300 
environment. 301 
 302 
DISCUSSION 303 
 304 
Eruptive styles 305 
Grain morphology, texture and vesicularity of pyroclasts are indicative of eruptive style and the 306 
environment in which the eruption occurred. Magmatic eruptions typically produce variably 307 
vesicular particles with cuspate to frothy morphologies, determined by viscosity, temperature, and 308 
volatile content (Cashman et al., 2000; Morrissey et al., 2000; Maria and Carey, 2002). Conversely 309 
phreatomagmatic eruptions produce dense to poorly vesicular, often fine-grained (<100µm) 310 
particles with a predominance of blocky morphologies (Cashman et al., 2000; Morrissey et al., 311 
2000; Maria and Carey, 2002). Primary volcanic particle morphology can then be affected by post-312 
eruptive reworking. Volcanic particles identified in the AND-2A core show a variety of 313 
morphologies and range from vesicle free to highly vesicular, suggesting they were formed from 314 
both magmatic and phreatomagmatic eruptions under a range of conditions, detailed below. 315 
 316 
High-silica glass 317 
 318 
The morphology and texture of highly vesicular pumice within the pyroclastic fall deposit and 319 
resedimented volcaniclastic deposits in AND-2A core are indicative of magmatic fragmentation 320 
processes. These products are emitted during energetic Subplinian and Plinian eruptions fed by 321 
silicic magmas. During these eruptions large amounts of highly vesicular pumice (60-93 volume %; 322 
Klug and Cashman, 1996; Cashman et al., 2000) and fine ashes are produced and carried in eruptive 323 
columns up to several tens of kilometers-high and dispersed by winds distances up to hundreds of 324 
kilometers from the source (Carey and Bursik, 2000).  325 
In contrast, dense to poorly vesicular, fine-grained glass shards, with a predominance of blocky 326 
morphologies, with hydration cracks and perlitic fracturing textures, suggest phreatomagmatic 327 
fragmentation processes (Heiken and Wohletz, 1985 and 1991; Houghton and Wilson, 1989). 328 
Phreatomagmatic eruptions may occur in sub-marine and sub-lacustrine environments, or when 329 
magma comes into contact with groundwater or wet-sediment (Heiken and Fisher, 2000). In 330 
glacimarine environments like McMurdo Sound the most likely water sources for phreatomagmatic 331 
process are seawater and ice (Smellie, 2000). 332 
Despite strong differences in morphology and vesicularity, the highly vesicular pumice and 333 
dense to poorly vesicular glass fragments have the same chemical composition (and degree of 334 
alteration) and coexist within the same layer, indicating that they may represent different 335 
fragmentation processes (magmatic versus phreatomagmatic) within a single eruption. In addition, 336 
as described above, a continuum between end member types which cover the whole spectrum of 337 
vesicularity occur within these layers. This is consistent with a volcanic eruption occurring in a 338 
transitional environment; i.e. evolving from shallow water or sub-glacial conditions (strong magma-339 
water interaction) to a subaerial environment (no magma-water interaction). Alternatively, multiple 340 
vents located in subaerial and shallow subaqueous environments or a single vent experiencing rapid 341 
cycling between „dry‟ Strombolian and „wet‟ phreatomagmatic explosions during a single eruptive 342 
phase (Panter and Winter, 2008) may be invoked. 343 
 344 
Low-silica glass 345 
 346 
Sideromelane and tachylite fragments are frothy, blocky, y-shaped, or cuspate and vary from 347 
vesicle-free to highly vesicular. Most of the vesicular scoria observed are typical of weakly to 348 
mildly explosive Strombolian or Hawaiian style eruptions (Cashman et al., 2000). Strombolian 349 
eruptions consist of rhythmic, usually short-lived, mildly energetic explosions during which 350 
magmatic volatiles are released and significant amounts of ash- to bomb- sized materials are ejected 351 
to heights of a few hundred metres above a crater. Hawaiian style eruptions involve lava flows 352 
together with lava fountains typically tens to hundreds of metres height. Typically lava fountains 353 
are fed by basaltic magmas characterized by low viscosity, low volcanic gas content, and high 354 
temperature. Lava fountains eject pyroclasts ranging in size from millimeters to about one metre in 355 
diameter (Parfitt, 2004). Pyroclasts formed during Strombolian- and Hawaiian-style eruptions 356 
accumulate mainly as coarse, primary fallout deposits within a few kilometers of the vent. Only in 357 
the rare cases of strong magmatic fragmentation, for example during violent Strombolian or Plinian 358 
basaltic eruptions, can pyroclasts be dispersed hundreds of kilometers from the source.  359 
As with high-silica glasses , the presence of basaltic particles that are dense to poorly vesicular 360 
and fine-grained with blocky morphologies in AND-2A pyroclastic fall and resedimented 361 
volcaniclastic deposits may indicate phreatomagmatic activity.  362 
 363 
Volcanic source 364 
 365 
Major element compositions of glass fragments combined with 
40
Ar/
39
Ar age data from the 366 
pyroclastic fall deposit and resedimented volcaniclastic deposits (see Table 1; age data from Di 367 
Vincenzo et al. 2010) provide information on the provenance of volcanic materials. The ages of 368 
studied AND-2A samples vary from c. 20 to 17.11 Ma (Early Miocene), according to 
40
Ar/
39
Ar 369 
age determinations of Di Vincenzo et al. (2010). Volcanic activity of comparable age occurred 370 
on the Malta Plateau in the Melbourne volcanic province (Armienti et al., 1991; Müller et al., 371 
1991) and in the Erebus volcanic province at Mt. Morning (Kyle and Muncy, 1989; Wright and 372 
Kyle, 1990c; Wright-Grassham, 1987; Kyle, 1990a and b; Martin et al., 2010). In the Melbourne 373 
volcanic province, Middle Eocene magmatic activity is preserved in the form of multiple 374 
intrusions dated at 47.5 and 38.6 Ma (Tonarini et al., 1997; Rocchi et al., 2002). The oldest 375 
subaerial volcanic rocks crop out at Malta Plateau and Deception Plateau dated at c. 15 and 14 376 
Ma (Armienti and Baroni, 1999). Dykes at Malta Plateau, possibly feeding lava flows, are dated 377 
between c. 18.2 and 14.1 Ma (Schmidt-Thomé et al., 1990). Although similar in composition and 378 
age, it is highly unlikely that Early to Middle Miocene volcanism in northern Victoria Land 379 
(Malta Plateau) is the source for AND-2A deposits simply because this activity occurred over 380 
500 km north of the drillsite and the predominate wind and ice paleo-directions are inferred to 381 
have been in a northward direction in McMurdo Sound area (Sandroni and Talarico, 2006; 382 
Talarico and Sandroni, 2011). More likely, the volcanic source was to the south of the drillsite. 383 
The oldest Erebus volcanic province rocks crop out at Mt. Morning, where 
40
Ar/
39
Ar and K-Ar 384 
ages indicate that activity occurred in two phases: the first one between at least 18.7 Ma and 11.4 385 
Ma and the second one between 6.13 and 0.02 Ma (Paulsen and Wilson, 2009; Martin, 2009; 386 
Martin et al., 2010). Evidence of volcanic activity pre-dating the onset of documented Mt. 387 
Morning volcanism was found in volcaniclastic detritus and tephra beds recovered in CIROS-1, 388 
MSSTS-1 and Cape Roberts (CRP) drillcores. The dates on these materials extend activity 389 
within the Erebus volcanic province back to c. 26 Ma (Gamble et al., 1986; Barrett, 1987; 390 
McIntosh, 1998 and 2000; Acton et al., 2008; Di Vincenzo et al., 2010). Volcanic activity older 391 
than c. 19 Ma can be ascribed to either a proto-Mt. Morning volcano buried under the present-392 
day Mt. Morning edifice, or to an unknown volcanic centre, which has been eroded away or 393 
buried (Martin et al., 2010). 394 
In Figures 5 and 6, major element compositions of glass fragments from the AND-2A core are 395 
compared with those of Early to Middle Miocene products sampled on land or in drillcores and 396 
attributed to the Erebus volcanic province (Armienti et al., 1998 and 2001; Pompilio et al., 2001; 397 
Kyle, 1981; Smellie, 1998). Only a limited number of glass compositions are available for 398 
McMurdo volcanics and the majority of data is from whole rocks. Nevertheless, the available data 399 
indicate that there is strong similarity between compositions of glass fragments in AND-2A core 400 
and some compositions of glass shards from volcaniclastic detritus and tephra beds recovered in 401 
CRP2/2A drillcores, which has already been attributed to the activity of the Erebus volcanic 402 
province (Armienti et al., 1998 and 2001; Smellie, 1998) and most likely sourced from Mt. 403 
Morning. Discrepancies in the FeOtot content between CRP2/2A drillcores glasses and AND-2A 404 
core glass may be caused by minor alteration of the latter as indicated by the Alteration Box plot 405 
(Figs. 4 and 7). 406 
According to Martin (2009) and Martin et al. (2010) only 7% of Mt. Morning Phase I products 407 
sampled are mafic whereas the remainder are felsic, specifically trachyte (79%) and rhyolite (14 %) 408 
in composition. Our work and ongoing studies on sediments from different depth intervals (Nyland, 409 
2011) indicate that mafic glass is abundant throughout the AND-2A core. The fresh mafic glass 410 
have alkali basalt, basanite, tephrite and (less commonly) mugearite compositions (Fig. 5), 411 
overlapping those of McMurdo Volcanic Group igneous products (Fig. 5; Kyle, 1990a; Armienti et 412 
al., 1998; Rocchi et al., 2002; Nardini et al., 2009). At depths greater than 600 m b.s.f. the SiO2 413 
content of glass increases with increasing depth (Fig. 7). Unaltered basaltic compositions occur 414 
prevalently above ~800 m b.s.f; below this depth they are altered and replaced by clay minerals and 415 
zeolites. Glass compositions below ~840 m b.s.f show a shift towards higher SiO2 contents, with the 416 
highest (c. 70 wt.%) occurring near the bottom of the core (Fig. 7).  417 
Our results complement the findings of Martin (2009) and Martin et al. (2010), confirming the 418 
bimodal compositions of Mt. Morning products. However, we found that the abundance of basaltic 419 
glass in the AND-2A core to be much higher than the 7% estimated for Mt. Morning deposits. This 420 
suggests that during the period corresponding to Phase I activity at Mt. Morning, volcanism fed by 421 
mafic magmas was much more prevalent than previously documented in surface deposits. This 422 
discrepancy may be explained by the premise that present-day exposures on Mt. Morning may not 423 
be representative of all of the material erupted. It could well be that Miocene trachyte and rhyolite 424 
deposits on Mt. Morning, consisting of remnants of domes and welded pyroclastic flows, were more 425 
resistant to weathering and erosion than basaltic scoria or even basaltic lava flows.  426 
On the basis of textural and geochemical information we can infer eruption dynamics and 427 
sources. Given that almost all studied samples consist of particles produced by a combination of 428 
subaerial and submarine/sub-glacial magmatic and phreatomagmatic explosive activity (i.e. highly 429 
vesicular pumice, basaltic vesicular scoria, and vesicle-free blocky fragments), we suggest three 430 
possible scenarios: (i) a single volcanic complex, set in a transitional environment (submarine/sub-431 
glacial to subaerial) erupting products with bimodal composition (basaltic and trachytic-rhyolitic); 432 
(ii) two contemporaneously active volcanic complexes, both set in a transitional environment 433 
(submarine/sub-glacial to subaerial) and fed separately by basaltic and trachytic-rhyolitic magmas; 434 
(iii) multiple contemporaneously active volcanic vents located in a range of environments 435 
(submarine/sub-glacial to subaerial) and fed by basaltic and trachytic-rhyolitic magmas. 436 
 437 
Paleoenvironment implications 438 
 439 
Volcaniclastic deposits are an important component of sedimentary successions and are valuable 440 
paleoenvironmental indicators. In marine and glacimarine environments, pyroclastic fall deposits 441 
may result from subaerial volcanic activity and particle settling through a water column or by direct 442 
transformation of gas-supported pyroclastic flow into a water-saturated gravity flow (Schneider et 443 
al., 2001). Primary volcaniclastic deposits can also originate from submarine volcanic activity 444 
ranging in styles from explosive to effusive (White, 2000). Resedimented volcaniclastic deposits 445 
may result from reworking and resedimentation of pyroclasts previously erupted on land (including 446 
supra-glacial, en-glacial and sub-glacial debris) or on sea ice.  447 
Volcanic detritus is persistent and abundant throughout the AND-2A core, representing the 448 
dominant clast type in 9 of the 14 lithostratigraphic units (Panter et al., 2008). Apart from LSU1 449 
(Del Carlo et al., 2009), volcanic material within the uppermost half of the core (to 608.35 m b.s.f) 450 
consists mostly of lava, scoria and pumice clasts dispersed in coarse-grained deposits (e.g., 451 
conglomerate, diamictite) and reworked glass in sandstone, siltstone and mudstone. The absence of 452 
pyroclastic fall deposits and resedimented volcaniclastic deposits in the upper part of the core may 453 
be explained by a combination of: (i) source, type and intensity of volcanic activity, (ii) ice extent 454 
and environmental conditions within the McMurdo Sound at the time of deposition or (iii) erosional 455 
processes.  456 
During the period between c. 17.1 and 11.5 Ma when sediments were being deposited in the 457 
upper 600 m of the core (Di Vincenzo et al., 2010), volcanic activity in southern Victoria Land may 458 
have been less energetic (limited areal dispersion of ejecta), thus resulting in the lack of any discrete 459 
tephra beds at the coring site. Eruptions may have been prevalently submarine or sub-glacial and 460 
characterized by a limited dispersal of pyroclasts, as typically occurs for these types of eruptions. 461 
However, this hypothesis seems to be in contrast with the recent findings of Martin et al. (2010), 462 
that showed the presence of an intense and predominantly subaerial volcanic activity producing lava 463 
flows and pyroclastic deposits at Gandalf Ridge (18.7±0.3 and 15.5±0.5 Ma), Pinnacle Valley 464 
(15.4±0.1 and 13.0±0.3 Ma) and Mason Spur (12.9±0.1 and 11.4±0.2 Ma) that are located ~80 km 465 
from the coring site. In addition this also seems to be in conflict with findings of Marchant et al. 466 
(1996) and Lewis et al. (2007), which have documented mafic to felsic ash layers in the Dry 467 
Valleys that are dated between 11 and 15 Ma. An alternative explanation is that the presence of 468 
thick ice-sheets in the Ross Sea embayment, with grounding lines located north of the present day 469 
positions, could have hampered the direct delivery of wind-driven volcanic materials to the coring 470 
site (ii. glacial paleoenvironmental conditions). Sedimentological and isotopic studies of 471 
sedimentary records demonstrate that changes in paleoenvironmental conditions occurred between 472 
c. 17.1 and 11.5 Ma (Zachos et al., 2008; Passchier et al., 2011) and these were accompanied by 473 
strong ice sheet fluctuations with multiple cycles of advance and retreat, which could possibly have 474 
allowed the deposition of pyroclastic fall deposit. Pyroclastic fall deposit and resedimented 475 
volcaniclastic deposits may have been eroded during the deposition of massive, coarse-grained 476 
deposits (diamictite and conglomerates) in sub-glacial to pro-glacial environments. 477 
 Volcanic material within the bottom half of the core, >600 m b.s.f., consists of dispersed 478 
lava clasts, scoria fragments, pumice, one pyroclastic fall deposit and at least ten resedimented 479 
volcaniclastic deposits. Products forming the 6 cm-thick lapilli tuff at 640 m b.s.f., which is dated at 480 
17.4 Ma (Di Vincenzo et al., 2010), were most likely transported in an eruptive ash cloud and 481 
deposited directly through the water column. This would only be possible if open marine or partly-482 
open marine conditions prevailed at the time (Fig. 8). Rounding and abrasion of dispersed pumice 483 
and scoria indicate that they spent some time as floating rafts prior to sinking, or transported on the 484 
seafloor prior to deposition, or have undergone weathering and re-sedimentation prior to their final 485 
deposition (Fig. 8). Limited mixing with fragments from non-volcanic material and imbrication of 486 
clast parallel to sand laminae or oriented along the lee side of ripple cross-laminations, suggest 487 
deposition by low energy volcaniclastic bottom or turbidity currents. Resedimented pumice- and 488 
scoria-rich sandstone to lapillistone can be considered indicators of open water conditions with 489 
limited sea ice, similar to the pyroclastic fall deposit at c. 640 m b.s.f. Resedimented, strongly 490 
laminated, ash-rich mudstone to sandstone found at ~636 and ~1027 m b.s.f are comparable with 491 
deposits generated by suspension settling from ice-proximal, turbid, melt water plumes (Ó Cofaigh 492 
et al., 2001 and references therein), observed in fjord environments, and more rarely, in high-493 
latitude open marine settings. The absence of grain rounding, the preservation of fragile structures, 494 
and the low degree of post-eruptive sediment mixing with non-volcanic detritus all indicate that no 495 
significant reworking has occurred. We suggest that these pyroclasts were transported in eruptive 496 
columns, dispersed by wind onto the ice (glaciers) and finally released to the water column during 497 
repeated melting events. We therefore conclude that deposition of resedimented, strongly laminated, 498 
ash-rich mudstone to sandstone occurred in a pro-glacial setting with general open marine 499 
conditions. Similar depositional and dispersal processes have long been suggested for modern 500 
volcanogenic sediments in McMurdo Sound (Bentley, 1979; Barrett et al., 1983; Macpherson, 501 
1987; Atkins and Dunbar, 2009).  502 
 503 
CONCLUSIONS 504 
The sedimentological, morphoscopic, petrological and geochemical study of pyroclasts 505 
recovered in AND-2A core has provided information about their volcanic sources and eruptions 506 
styles and new insights into their environment of deposition. One pyroclastic fall deposit and 507 
several resedimented, volcaniclastic deposits recovered in AND-2A core record an intense and 508 
recurrent history of volcanic activity in southern Victoria Land region during the Early Miocene. 509 
Two main explosive eruptive styles and magma compositions were recognised. Subplinian and 510 
Plinian eruptions involved trachytic to rhyolitic magmas, while Strombolian to Hawaiian eruptions 511 
were fed by basaltic to mugearitic magmas. In both cases the occurrence of vesicle-free, blocky 512 
fragments indicates that hydromagmatic fragmentation processes were caused by the interaction of 513 
magmas with seawater and/or glacial meltwater within a glacimarine environment. On the basis of 514 
the available geochemical and chronological data and using volcanological constraints, we infer that 515 
the proto-Mt. Morning and Mt. Morning volcanoes located south of the drillsite are the most likely 516 
volcanic sources. Finally, the sedimentological features of the volcanic units are interpreted to 517 
indicate that they were deposited in a pro-glacial setting with overall open-water marine conditions.  518 
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Figures 911 
Figure 1. Map of southern Victoria Land, Antarctica, showing the location of AND-2A Southern 912 
McMurdo Sound (SMS) core site and relevant geological features of Erebus Volcanic Province. 913 
Map also shows outcrops of volcanic rocks (in dark brown) belonging to the McMurdo Volcanic 914 
Group with relative time span of activity according to K-Ar and 
40
Ar-
39
Ar ages (Mercer, 1968; Kyle 915 
and Cole, 1974; Mayewski, 1975; Armstrong, 1978; Kyle, 1981, 1982, and 1990a,b; Kyle and 916 
Muncy, 1989; Wright and Kyle, 1990a, b; McKelvey et al., 1991; Wilch et al., 1993; Marchant et 917 
al., 1996; Esser et al., 2004; Tauxe et al. 2004; Timms, 2006; Cooper et al., 2007; Lewis et al., 918 
2007; Wilch et al., 2008; Paulsen and Wilson, 2009; Martin et al., 2010).  919 
 920 
Figure 2. Core (left column) and thin section optical microscope images (right column) 921 
representative of the four main volcaniclastic sediment types identified in AND-2A core: A and A1) 922 
pyroclastic fall deposit (640.13 m b.s.f), B and B1) resedimented pumice- and scoria-rich sandstone 923 
to lapillistone (709.13 m b.s.f.), C and C1) resedimented, strongly laminated, ash-rich mudstone to 924 
sandstone (636.23 m b.s.f.) and D and D1) shard-rich mudstones and sandstones (712.04 m b.s.f.). 925 
Dg = dense glass; lf = lava fragment; p = pumice; san = sanidine; sd = sideromelane. 926 
 927 
Figure 3. Scanning electron microscope backscattered images representative of the four main 928 
volcaniclastic sediment types identified in AND-2A core: A) pyroclastic fall deposit (dg = dense 929 
glass; p = pumice), B) resedimented pumice- and scoria-rich sandstone to lapillistone, C) 930 
resedimented, strongly laminated, ash-rich mudstone to sandstone and D) shard-rich mudstones and 931 
sandstones. Bio = bioclast; dg = dense glass; lf = lava fragment; p = pumice; qz = quartz; san = 932 
sanidine; sd = sideromelane. E) rims of leached glass occurring at the surface of the grains, along 933 
fractures and vesicles; F) pervasive perlitic fractures occurring chiefly in glass shards and in the 934 
least vesicular fragments.  935 
 936 
Figure 4. AI–CCPI “Alteration box plot” diagram from Large et al. (2001) for analyzed AND-2A 937 
glass fragments. Data show different degrees and styles of alteration within studied samples. 938 
Colored rectangles identify least altered „boxes‟ for unaltered rocks with <52 wt.% SiO2, 52-63 939 
wt.% SiO2, 63-69 wt.% SiO2 and >69 wt.% SiO2, respectively. Full and open symbols respectively 940 
represent the composition of unaltered glass and altered glass within the same sample.  941 
 942 
Figure 5. Total Alkali versus Silica diagrams (TAS) from LeMaitre (1989) for unaltered AND-2A 943 
glass compositions (blue diamonds). For comparison between composition of glasses in AND-2A 944 
and Erebus volcanic province products (red dashed curve; Armienti et al., 1998 and references 945 
therein), glass composition of fragment recovered in CRP1 (black crosses), 2/2A (black open 946 
squares; Armienti et al., 1998; Armienti et al., 2001), volcanic products of the Phase I activity of 947 
Mt. Morning (black open circles; Martin et al., 2010) and Mt. Morning volcanic rocks (pale red 948 
open squares; Muncy, 1979; Wright-Grassham, 1987; Martin et al., 2010) are also reported. 949 
 950 
Figure 6. Harker‟s diagrams for unaltered AND-2A glass shards (blue diamonds). Glass 951 
compositions are compared with the compositions of glass fragments recovered in CRP1 (black 952 
crosses), 2/2a drillcores (black open squares) and attributed to proto-Mt. Morning and Mt. Morning 953 
activity (Armienti et al., 1998; Armienti et al., 2001). Whole rock composition of Mt. Morning 954 
volcanic rocks (Muncy, 1979; Wright-Grassham, 1987; Martin et al., 2010) are also reported (pale 955 
red open squares) 956 
 957 
Figure 7. SiO2 vs. sample depth diagram. The diagram indicates a general correlation between depth 958 
and the SiO2 content of glasses (reconstructed compositions): altered rhyolitic-trachytic 959 
compositions occur prevalently above 709.19 m b.s.f. whereas sample at 831.68 m b.s.f marks the 960 
passage towards rhyolitic glass compositions occurring between 953.28 m b.s.f. and core base. 961 
 962 
Figure 8. Schematic model illustrating possible eruptive, transport, and depositional processes of 963 
pyroclastic fall deposit, resedimented volcaniclastic deposits and the volcanogenic sedimentary 964 
deposits. A) pyroclasts transported by a high eruptive column and finally deposited as pyroclastic 965 
fall deposit directly through the water column in open water conditions; B) pumice and scoria clasts 966 
windblown over the ice and resedimented by suspension settling from ice-proximal turbid 967 
meltwater plumes or by low energy volcaniclastic bottom/turbidity currents (resedimented 968 
volcaniclastic deposits); C) volcanic detritus deposited by glaci-marine processes (volcanogenic 969 
sedimentary deposits). 970 
 971 
Table 1. Descriptions of lithology and age data for pyroclastic fall deposit, resedimented 972 
volcaniclastic deposits and volcanogenic sedimentary deposits analyzed in AND-2A core. 973 
 974 
Table 2. Major elements chemical composition of unaltered glasses within AND-2A core of 975 
pyroclastic fall deposit, resedimented volcaniclastic deposits and volcanogenic sedimentary deposits 976 
(expressed as oxides weight %). The maximum and minimum values of SiO2 wt.% are reported for 977 
each sample. Chemical compositions of samples at 627.46-48 and 954.05-08 m b.s.f. were not 978 
reported since they are entirely formed by altered glass shards. 979 
 980 
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